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Axon guidanceThe cornea, the most densely innervated tissue on the surface of the body, becomes innervated in a series of
highly coordinated developmental events. During cornea development, chick trigeminal nerve growth cones
reach the cornea margin at embryonic day (E)5, where they are initially repelled for days from E5 to E8, in-
stead encircling the corneal periphery in a nerve ring prior to entering on E9. The molecular events coordi-
nating growth cone guidance during cornea development are poorly understood. Here we evaluated a
potential role for the Robo–Slit nerve guidance family. We found that Slits 1, 2 and 3 expression in the cornea
and lens persisted during all stages of cornea innervation examined. Robo1 expression was developmentally
regulated in trigeminal cell bodies, expressed robustly during nerve ring formation (E5–8), then later declin-
ing concurrent with projection of growth cones into the cornea. In this study we provide in vivo and in vitro
evidence that Robo–Slit signaling guides trigeminal nerves during cornea innervation. Transient, localized in-
hibition of Robo–Slit signaling, by means of beads loaded with inhibitory Robo–Fc protein implanted into the
developing eyeﬁeld in vivo, led to disorganized nerve ring formation and premature cornea innervation. Ad-
ditionally, when trigeminal explants (source of neurons) were oriented adjacent to lens vesicles or corneas
(source of repellant molecules) in organotypic tissue culture both lens and cornea tissues strongly repelled
E7 trigeminal neurites, except in the presence of inhibitory Robo–Fc protein. In contrast, E10 trigeminal neur-
ites were not as strongly repelled by cornea, and presence of Robo–Slit inhibitory protein had no effect. In full,
these ﬁndings suggest that nerve repulsion from the lens and cornea during nerve ring formation is mediated
by Robo–Slit signaling. Later, a shift in nerve guidance behavior occurs, in part due to molecular changes in
trigeminal neurons, including Robo1 downregulation, thus allowing nerves to ﬁnd the Slit-expressing cornea
permissive for growth cones.
© 2011 Elsevier Inc. All rights reserved.Introduction
The cornea, one of the most densely innervated tissues on the sur-
face of the body, becomes populated by sensory and autonomic nerve
ﬁbers during embryonic development. The vast majority of corneal
nerves are sensory (Marfurt et al., 1989; Muller et al., 2003), derived
from the neural crest component of the ophthalmic branch (OpV) of
the trigeminal ganglion (Tg) (Lwigale, 2001). These nerves are critical
for the protection of the eye as they are involved in transmission of
painful or irritating stimuli encountered from the external environment
(Belmonte et al., 2004), while also maintaining a healthy cornea by se-
creting trophic factors that stimulate growth and survival of corneal ep-
ithelial cells (Baker et al., 1993; Beuerman and Schimmelpfennig, 1980;
Garcia-Hirschfeld et al., 1994). Understanding themechanisms that reg-
ulate cornea innervation is becoming increasingly important due to thet Hall, Kansas State University,
rights reserved.observation that corneal nerves are often damaged duringmodern cor-
rective surgical procedures, such as LASIK and cornea transplantation,
or following corneal trauma and disease (Benitez-del-Castillo et al.,
2001; Davis and Dohlman, 2001; Wilson and Ambrosio, 2001). Corneal
nerve damage is associated with degenerative conditions ranging from
dry eye to transient or chronic neurotrophic keratitis, characterized by
abnormal epithelial cell metabolism, impaired corneal sensitivity and
desiccation of the corneal surface (Davis and Dohlman, 2001; Muller
et al., 2003).
During chicken eye development, neuronal growth cones of tri-
geminal axons approach the corneal periphery at embryonic day (E)
4–5, yet are repelled from entering the cornea for days, instead form-
ing a nerve ring around the corneal periphery (Bee, 1982; Conrad et
al., 2008; Lwigale and Bronner-Fraser, 2007). Observations of early
nerve exclusion from the cornea suggest the presence of nerve
growth cone-repulsive signals released from both the embryonic cor-
nea and underlying lens vesicle (Kubilus and Linsenmayer, 2010;
Lwigale and Bronner-Fraser, 2007). Nerve growth cone inhibition by
the cornea and lens is at least partly mediated by the chemorepellant
116 T. Schwend et al. / Developmental Biology 363 (2012) 115–127guidance molecule Semaphorin3a (Sema3a), since disrupting Sema3a
binding with its nerve growth cone receptor Neuropilin 1 (Npn1)
during cornea development leads to trigeminal nerves invading the
cornea in a premature and disorganized fashion (Lwigale and
Bronner-Fraser, 2007). Currently, it is not known if Sema3a–Npn1
acts alone to control nerve growth cone exclusion from the early de-
veloping cornea, or whether other molecular signals act in parallel
with the receptor–ligand pair. Later on during cornea development,
at a critical time between E9 and E10, a subset of the trigeminal
growth cones within the pericorneal nerve ring ﬁnds the cornea stro-
ma permissive, and nerve ingrowth to the cornea commences along
all radii (Conrad et al., 2008; Lwigale and Bronner-Fraser, 2007;
Riley et al., 2001). The change in nerve growth cone behavior at this
stage may be due to dynamic, temporal modulations to the presence,
concentrations, or identity of nerve guidance molecules in the cornea
itself, to the receptors on the growth cones of axons in the pericorneal
ring, or both. To date, the identities of the molecular signals which
regulate nerve growth into the cornea, as well as the nature of their
regulation within the cornea or on the surface of the trigeminal
growth cones, are unknown.
In this study, a role for the Roundabout (Robo)–Slit family of nerve
guidance molecules in cornea innervation was examined. The Slit
family of nerve guidance molecules represents a membrane-bound
or secreted signaling factor which is capable of guiding nerve growth
through interactions with their cognate Robo receptors located on
nerve growth cones (reviewed in Chedotal, 2007; Dickson and
Gilestro, 2006; Ypsilanti et al., 2010). Slit proteins are generally
thought of as chemorepellants to sensory nerve growth and branch-
ing (Brose et al., 1999; Fricke et al., 2001; Hao et al., 2001; Kidd et
al., 1999; Li et al., 1999; Long et al., 2004; Plump et al., 2002; Zallen
et al., 1998); however, Robo–Slit interactions can also serve as posi-
tive regulators for peripheral sensory axon elongation and branching,
especially by the trigeminal axons of the embryonic head (Kubilus
and Linsenmayer, 2010; Ma and Tessier-Lavigne, 2007; Ozdinler and
Erzurumlu, 2002). In mammals and birds, three Slit genes (1–3)
have been identiﬁed (Holmes and Niswander, 2001; Itoh et al.,
1998; Vargesson et al., 2001) and each found to govern nerve guid-
ance decisions in various organ systems during embryogenesis
(reviewed in Chedotal, 2007). Slit2 gene expression has been ob-
served in the lens and corneal tissues of multiple model organ-
isms during embryonic development, including chick (Conrad et
al., 2009; Kubilus and Linsenmayer, 2010) and mouse (Niclou et
al., 2000; Thompson et al., 2006), and Robo expression has been
observed in rat trigeminal neuron cell bodies at concurrent stages
of development (Ma and Tessier-Lavigne, 2007; Ozdinler and
Erzurumlu, 2002).
Herein we show that Slits 1–3 are expressed in the embryonic lens
and cornea during all stages of cornea innervation examined. Robo1
expression is broad in trigeminal neuronal cell bodies during early
cornea development when pathﬁnding nerves encircle the cornea in
a nerve ring. By studying trigeminal neuronal growth cone behavior
in organotypic co-culture and in vivo, we show that repulsion of tri-
geminal nerves by the embryonic lens and cornea could be abrogated
by inhibiting Robo–Slit interactions. These results provide new in-
sight into the mechanism(s) of nerve exclusion from the cornea dur-
ing the earliest stages of cornea innervation. Moreover, we reveal that
the nerve guidance behavior switch, from cornea-prohibitory to
cornea-permissive, is a result of age-related molecular changes occur-
ring within both the cornea and trigeminal neurons. With regard to
molecular changes occurring in trigeminal neurons over time, Robo1
gene expression weakened in trigeminal neurons from the OpV by
E10, concurrent with nerve growth into the cornea. Likewise, Robo
receptor activity was reduced, or absent, as a consequence of age
since older, E10, neurons became desensitized to Robo–Slit inhibitors
in organotypic co-culture studies. These ﬁndings collectively suggest
that developmental regulation to Robo receptor expression andactivity in trigeminal neurons represent a key molecular event medi-
ating the nerve guidance behavior shift occurring during cornea
development. In full, this study increases our understanding of the
complex and multi-faceted regulatory events that govern cornea
innervation.
Material and methods
Embryo husbandry and tissue isolation
Fertile white Leghorn chicken eggs (Nelson's Hatchery, Manhat-
tan, KS) were stored at 15 °C for up to a week before being transferred
to a 38 °C humidiﬁed poultry incubator on E0 and incubated at 45%
humidity for up to 10 days. Corneas, lens vesicles or Tgs from embry-
os of the desired age were dissected into sterile Howard Ringer's sa-
line solution (7.2 g NaCl, 0.17 g CaCl2–2H2O, 0.37 g KCl in 1 l
distilled water, pH 7.3). Saline was treated with DEPC (Sigma, St.
Louis, MO) to remove RNases when appropriate. For RNA isolation,
tissues were immediately quick frozen in liquid nitrogen and stored
at minus 70 °C until used. For RNA or protein staining, tissues were
immediately ﬁxed in modiﬁed Carnoy's ﬁxative (3 parts 100% etha-
nol, 1 part 32% paraformaldehyde, 1 part glacial acetic acid) overnight
at 4 °C, followed by multiple washes in phosphate buffered saline
(PBS) and transferred serially to 100% methanol and stored at
minus 20 °C until used.
RNA extraction and RT-PCR
cDNA was synthesized (SuperScript III RT First-Strand Synthesis
Systems, Invitrogen, Carlsbad, CA) using RNA isolated and puriﬁed
(RNeasy Mini Kit, Qiagen, Valencia, CA) from dissected corneas or
lens vesicles snap-frozen in liquid nitrogen. The primers used for
RT-PCR are shown in Table 1. Primers were used to amplify products
by PCR.
In situ hybridization
Whole-mount in situ hybridization was performed on lens vesicles
or Tgs dissected from E5 to E10 embryos as previously described
(Thisse et al., 1993). Following staining, the tissues were washed in
PBS, dehydrated through an ethanol series, rinsed twice in xylenes,
and embedded in parafﬁn. Parafﬁn block serial sections of 12 μm
were mounted on slides (SuperFrost Plus, Fisher, Pittsburgh, PA),
dried overnight at 40 °C, dewaxed in xylenes and mounted in EMS
Shield Mount (Electron Microscopy Sciences, Hatﬁeld, PA) for imag-
ing. In situ hybridization on 12 μm eyefront sections was performed
essentially as described previously (Etchevers et al., 2001) with
minor modiﬁcations previously reported (Conrad et al., 2009). Anti-
sense and sense digoxigenin labeled probes were generated for
Robo1 and Slits 1–3 (Vargesson et al., 2001). No signal was observed
using sense probes. Stained tissues were visualized using a Leica
MZ16F microscope equipped with a Leica DFC 320 digital
camera.
Immunostaining
Nerves were visualized in whole heads, dissected eyefronts or Tg
explants in culture with anti-neuronal β-tubulin-speciﬁc antibody
(Tuj1, R&D systems, Minneapolis, MN) used at a 1:200 dilution in an-
tibody blocking solution (PBS, pH 7.2), containing 10% goat serum, 1%
bovine serum albumin, 0.1% Triton-X 100, overnight at 4 °C with mild
rocking. Following three washes in PBS-T (PBS with 0.1% Triton-X
100), tissue was incubated in Alexa Fluor 488 goat anti-mouse IgG2a
antibody (Molecular Probes, Carlsbad, CA) used at a 1:200 dilution
in antibody block. Fluorescent images were captured using a Leica
Table 1
RT-PCR primers used in this study.
Gene Base pairs F′ primer R′ primer
Slit1 2147–2403 5′ GTCAGGAGGAGACGAGTTGC 3′ 5′ TGAGCTGATCCTGTTGTTGC 3′
Slit2 3678–3904 5′ ATGGTTTTACCTCGCAGGAG 3′ 5′ TCGTCTGTGGCAATCTGAAG 3′
Slit3 3731–3921 5′ CTCTGAACCTGGTGGTGGAT 3′ 5′ ATTGATGCGAACATCGTGAA 3′
Gapdh 120–319 5′ CCTCTCTGGCAAAGTCCAAG 3′ 5′ CATCTGCCCATTTGATGTTG 3′
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digital camera.
Tissue culture
Tg tissues were dissected from E7 or E10 chick embryos and the
proximal region of each ganglion was cut into tissue explants using
a tungsten needle (Fine Science Tools, Foster City, CA). Neuron ex-
plants were cultured alone or co-cultured with E5 lens vesicles or
E5–E9 corneas in collagen matrix as described (Keynes et al., 1997).
Brieﬂy, explants were cultured in Opti-MEM media (Gibco, Carlsbad,
CA) supplemented with 10% fetal bovine serum, antibiotics
(100 units penicillin, 0.1 mg/ml streptomycin; Sigma, St. Louis, MO)
and 25 ng/ml nerve growth factor (NGF; Sigma, St. Louis, MO) to sup-
port neurogenesis of the neural crest-derived cells of Tg explants
(Dillon et al., 2004; Lwigale and Bronner-Fraser, 2007). Inhibitory re-
combinant protein (Recombinant Rat Robo1–Fc Chimera; R&D Sys-
tems, Minneapolis, MN) or control protein (Recombinant Human
IgG1–Fc Chimera; R&D Systems, Minneapolis, MN) was used at 1–12
nanomolar and some controls were cultured in media with NGF
alone. Tissues were oriented in a collagen matrix solution, comprised
of 3 ng/ml rat tail collagen (BD Biosciences, San Jose, CA) and Opti-
MEM which is allowed to solidify at 37 °C under sterile conditions
prior to addition of media. Co-cultures were prepared in 8 well Lab
Tek II chamber slides and incubated at 37 °C in a humidiﬁed CO2 incu-
bator for 42–48 h. After incubation, co-cultures were ﬁxed in 4% para-
formaldehyde and neurites were visualized by immunostaining as
described above.
Neurite guidance assays
For trigeminal explant and lens co-cultures, a ‘neurite guidance’
index was used to quantify the behavior of neurites, which has been
previously described (Keynes et al., 1997; Lwigale and Bronner-
Fraser, 2007). One to three explants were arranged in close proximity
to a single lens in the presence or absence of recombinant proteins: 5,
all neurite growth occurs in the distal quadrant away from the lens; 4,
a small minority of neurites grow in the lateral quadrants from the
distal quadrant; 3, neurites grow in the quadrant that is just lateral
to the proximal quadrant, but no neurites enter the promixal quad-
rant; 2, neurites grow in the proximal quadrant, but do not touch
the lens tissue; 1, neurites grow in the proximal quadrant and touch
the lens tissue; 0, neurites are not impeded from extending within
the lens tissues. Statistical analyses are given for the differences be-
tween the mean of the control and each treatment group analyzed
by a two-tailed Student's t-test (⁎pb0.05). For trigeminal explants
and cornea co-cultures, one or two explants were arranged in close
proximity to the cornea. Neurite growth from a single explant was
scored as either “repelled” or “not repelled” by the cornea in the pres-
ence or absence of recombinant proteins. Explants whose neurites
failed to extend within or over the cornea were scored as “repelled.”
Explants whose neurites grew into, over or transversed the cornea
were scored as “not repelled.” Upon scoring all explants for a
given culture condition, a repulsion frequency was assigned for
that culture condition which was determined by dividing the
number of explants given a “repelled” scored by the total number
of explants analyzed.In vivo bead implantation
Localized inhibition of Robo–Slit signaling was performed in vivo
using beads soaked in Robo1–Fc inhibitor. Chick eggs incubated for
4 to 5 days were windowed and the embryonic membranes dissected
away to expose the right eye. Afﬁ-gel beads (Bio-Rad Laboratories,
153–7302) were rinsed several times in Howard Ringer's saline solu-
tion and then incubated overnight at 4 °C in 25 μM Robo1–Fc recom-
binant protein or control IgG–Fc recombinant protein. Using a ﬁne
tungsten needle, 1–2 beads were implanted into the anterior region
of the eye at E4–5. Beads were delivered to many different locations
throughout the anterior eye to determine the optimal location to in-
ﬂuence nerve growth cones. Optimal bead locations for triggering
nerve growth cone response from the Robo–Slit inhibitor were adja-
cent to the lens under the limbus epithelium at E4 or in the anterior
chamber, between the lens and cornea, at E5. Beads loaded with con-
trol solutions at these locations, or other sites in the eye ﬁeld, never
elicited differences in nerve guidance. Implantation of beads soaked
in Alexa Fluor 546-Albumin protein (Molecular Probes, Carlsbad,
CA), which is similar in charge and molecular weight to Robo1–Fc,
was also conducted to monitor protein diffusion from implanted
beads and protein stability in the developing eye in vivo. Following
bead implantation, eggs were moistened with a few drops of Ringer's
saline spiked with antibiotics (100 units penicillin, 0.1 mg/ml strepto-
mycin; Sigma, St. Louis, MO), resealed and incubated for 1–1.5 days
before being collected at E5–E6. Anterior halves of the eyeballs were
dissected and processed by immunostaining as described above.
Results
Stages of corneal innervation
To provide observations of cornea innervation in developing chick,
nerves were visualized in whole heads or dissected eyefronts through
staining with the anti-neuronal β-tubulin-speciﬁc antibody (Tuj1)
antibody. During E4–E5, nerves extended from the OpV branch of
the Tg to the eyelid and the anterior surface of the eye (Fig. 1A),
reaching the corneal periphery by E5 (arrows, Fig. 1A, B). Next, rather
than extending into the cornea, nerve growth cones remained in the
limbal mesenchyme and extended dorsally and ventrally around the
cornea (Fig. 1C). From E6 to E8, a pericorneal nerve ring formed as
the main bundles of nerves (trunks) grew circumferentially around
the cornea (Fig. 1C–E). During these stages, the cornea appeared re-
pulsive to trigeminal nerves, as the growth cones of individual ﬁbers
branching from the trunks of the nerve ring bent away from the cor-
nea. At E9, a striking change in nerve growth cone behavior was visu-
alized, as the cornea ﬁrst became permissive to nerve ﬁbers that
extended from the bundles of nerves in the pericorneal nerve ring
and invaded the corneal stroma (Fig. 1F, G). As development pro-
ceeded, the growth cones continued to extend from the nerve ring
along all radii toward the center of the cornea, advancing one-third
of the way toward the center by E10 (Fig. 1H) and reaching the center
by E15 (not shown), consistent with previous reports (Bee, 1982;
Lwigale and Bronner-Fraser, 2007).
These results conﬁrm previous observations (Bee, 1982; Conrad et
al., 2008; Kubilus and Linsenmayer, 2010; Lwigale and Bronner-
Fraser, 2007) showing that cornea innervation during development
Fig. 1. Cornea innervation by trigeminal sensory nerves during development. (A–E) Sensory nerve growth cones from the OpV of the Tg seem attracted to the cornea (arrows in A,
B), but ﬁnd it non-permissive from E5 to E8, instead forming a pericorneal nerve ring around the corneal periphery. (F, G) Beginning at E9, growth cones ﬁnd the corneal stroma to
be permissive and begin to project into the stroma. (G) E9 cornea at higher magniﬁcation. (H) By E10, nerve growth cones continue to extend to the corneal center, with individual
nerve ﬁbers extending from the nerve ring along all radii. Asterisk denotes choroid ﬁssure. Abbreviations: Co, cornea; E, embryonic day; EL, eyelid; MmV, maxillary/mandibular
branches; OpV, ophthalmic branch. Scale bar: 1 mm.
Fig. 2. Slit expression in anterior eye tissues during stages of cornea innervation. (A) Semi-quantitative RT-PCR for Slits 1, 2 and 3 in lens vesicles and corneas harvested at daily
intervals from E5 to E10. Gapdh is included as a loading control. (B–G) Transverse sections through E5 anterior eye revealed that Slits 1, 2 and 3 are expressed in epithelium
(ep) and endothelium (en) of the cornea (B–D) and the lens epithelium (le) (E–G). (H–J) Transverse corneal sections at E10 reveal robust Slits 1 and 2 expression in corneal ep-
ithelium and stroma (st) (H, I) and strong Slit3 expression in the stroma, but weak expression in the epithelium (J). (K–M) Transverse sections through E10 lens show robust ex-
pression of Slits 1, 2 and 3 in lens epithelium. Positive reaction product in sectioned material is the blue-staining region. Abbreviations: E, embryonic day; le, lens epithelium; en,
corneal endothelium; ep, corneal epithelium; st, stroma. Scale bar: 0.2 mm.
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ecules in the anterior eyeﬁeld mediate the repulsion of trigeminal
nerves, inhibiting them from populating corneal tissues during E5–
8?, and (2) What molecular changes occur in the cornea or on the tri-
geminal nerve growth cones at later stages (E9–E10) to transition the
corneal tissue from growth cone-prohibitory to -permissive?
Expression of Slit and Robo genes during stages of cornea innervation
To determine if repellant Slit nerve guidance molecules repre-
sented good candidate molecules for regulating cornea innervation,
we examined the expression proﬁles of Slits 1, 2, and 3 mRNAs by
gene expression analyses from E5, when trigeminal nerves approach
the cornea, up to E10, when the cornea is actively being innervated.
Expression of Slit2 in chick tissues that are relevant to cornea innerva-
tion has been described previously (Conrad et al., 2009; Kubilus and
Linsenmayer, 2010). By performing semi-quantitative RT-PCR ana-
lyses on both whole lens vesicles and corneas, we found that Slits 1,
2 and 3 mRNAs were present consistently in both tissues throughout
the stages of cornea innervation (Fig. 2A). Next, we performed in situ
hybridization to characterize the expression patterns for each Slit
mRNA in the developing anterior eyeﬁeld. At E5, Slits 1, 2 and 3
showed a similar pattern of expression in the cornea (Fig. 2B, C, D)
and the lens epithelium (Fig. 2E, F, G). Likewise, Slit1s, 2 and 3 could
be detected in the corneal cells at E10. In E10 corneal sections, Slits
1 and 2 appeared to be more robustly expressed in the cornea epithe-
lium than Slit 3 (Fig. 2H–J), while Slits 1–3 each displayed uniform ex-
pression throughout the cornea stroma (Fig. 2H–J). In the lens at E10,
Slits 1, 2 and 3were each present in the epithelium, whereas Slit 2 ex-
pression appeared to be uniform throughout the epithelium, while
Slits 1 and 3 mRNA expression was localized primarily to epithelial
cells in the center of lens which directly underlie the cornea
(Fig. 2K–M).
We next investigated whether Robo1, the cognate receptor for Slits
1, 2, and 3, was expressed in trigeminal neurons during concurrent
timepoints associated with cornea innervation. We found that during
stages of pericorneal nerve ring formation, when nerve growth cones
seem actively repelled from entering the cornea (E5–E8), Robo1 was
expressed uniformly throughout neuronal cell bodies in the proximal
half of the Tg within both the OpV and maxillary/mandibular (MmV)
branches (Fig. 3A, B). Later, at E10 when nerves from the OpV branch
are actively innervating the cornea, the expression pattern for Robo1
varied from earlier stages, with expression becoming primarily local-
ized within the MmV branch, with weaker expression in the OpV
branch (Fig. 3C). In some cases (2/6 ganglia), Robo1 expression
could only be detected in neuronal cell bodies within the MmV
branch (Fig. 3D), although the former expression pattern was more
prevalent (4/6 ganglia).
Overall, evidence obtained from investigating Robo and Slit gene
expression patterns raised the possibility for Robo–Slit receptor li-
gand interactions to be involved in nerve exclusion from early cor-
neas resulting in pericorneal nerve ring formation during E5–E8.
Moreover, downregulation of Robo1 in older E10 OpV neurons sug-
gested that older growth cones may express a different receptorFig. 3. Robo1 receptor expression in trigeminal neurons during stages of cornea innervation
throughout OpV and MmV branches, while expression became reduced (C) or absent (D) in
region. Abbreviations: E, embryonic day; MmV, maxillary/mandibular branches; OpV, ophtrepertoire than earlier neurons, giving them a different potential for
sensing repellant nerve guidance cues at developmental stages
when their growth cones are actively migrating into the cornea.
These dual hypotheses provided the rationale for the following func-
tional studies that we chose to perform in this study.
Robo–Slit signaling is involved in trigeminal nerve repulsion by the
embryonic lens
The lens, which directly underlies the cornea, is a source of repel-
lant nerve guidance cues that at least in part mediates nerve growth
cone exclusion from the cornea and pericorneal nerve ring formation
prior to E9 (Lwigale and Bronner-Fraser, 2007). To explore the possi-
bility that Robo–Slit interactions between the trigeminal nerves and
embryonic lens may be involved in cornea innervation, trigeminal ex-
plants derived from the proximal half of the OpV of E7 Tg were co-
cultured in a collagen matrix adjacent to lens vesicles in the presence
of an inhibitory Robo recombinant protein (Robo1–Fc) to inhibit
Robo–Slit interactions and nerve growth factor (NGF) to stimulate
neurite outgrowth. Robo1–Fc recombinant protein, which was pro-
vided in varying concentrations in the culture medium, can abrogate
Robo–Slit interactions by binding to lens-secreted or membrane-
bound Slit molecules on the lens epithelium, thereby preventing
them from interacting with available endogenous Robo receptors on
the transmembrane surface of trigeminal nerve growth cones. First,
to show that culture conditions were conducive for neurite out-
growth, trigeminal neuron explants that were cultured for two days
in collagen displayed neurites extending from around the explant in
every direction (Fig. 4A). In contrast, when trigeminal explants
were co-cultured in the collagen matrix adjacent to an E5 lens vesicle
the neurites were strongly repelled and outgrowth occurred only
from the distal edge of the explant (Fig. 4B). Strikingly, when
Robo1–Fc protein was added to the culture medium in varying con-
centrations, the repulsive effects of the lens were greatly diminished
in a dose-dependent fashion (Fig. 4D–F).
To quantitate the effects of neurite outgrowth from trigeminal ex-
plants co-cultured adjacent to lens vesicles, we used a relative repul-
sion scheme (Fig. 4G), which has been previously described (Lwigale
and Bronner-Fraser, 2007). A score of 5 was given when neurite out-
growth from the explant was fully repelled by the lens, whereas a
score of 2 or less indicated that outgrowth was not inhibited by the
lens. Full details of the scoring criteria used in this scheme are de-
scribed in the Material and methods section. When trigeminal ex-
plants were cultured in the presence of 12 nM control IgG–Fc
protein solution (Fig. 4C), neurites were strongly repelled by adjacent
lens vesicles. However, in the presence of low concentrations of
Robo1–Fc protein solution (1 nm; Fig. 4D), neurite repulsion by the
adjacent lens was slightly reduced compared to controls. At interme-
diate concentrations of Robo1–Fc (6 nm; Fig. 4E), neurite repulsion
was signiﬁcantly abrogated, with many neurites extending from the
explant towards the adjacent lens vesicle. Most signiﬁcantly, at even
higher concentrations of Robo1–Fc (12 nM; Fig. 4F), neurite repulsion
was completely blocked, with neurites extending toward, or growing
over, the adjacent lens vesicle. Overall, the relative repulsion scores. (A–D) Robo1 expression in transverse sections of E5 (A) and E8 (B) Tg was prominent
the OpV of E10 Tg. Positive reaction product in sectioned material is the blue-staining
halmic branch. Scale bar: 0.5 mm.
Fig. 4. Neurite repulsion by embryonic lens vesicles is mediated by Robo–Slit signaling. (A) Neurites from E7 trigeminal ganglion explants (Tg) cultured alone in collagen with me-
dium containing NGF extended in a halo around the explant in every direction. (B–F) Neurites from E7 trigeminal explants co-cultured in collagen adjacent to an E5 lens vesicle
were strongly repelled by lens vesicles (B); however, the lens-mediated neurite repulsion diminished with increasing concentrations (1–12 nM) of an inhibitory Robo1–Fc protein
(D–F), but not by 12 nM control IgG–Fc protein solution (C). (G) Schematic showing how repulsion of neurite outgrowth by the lens was quantiﬁed (neurite guidance index, see
Material and methods for further details) in this study. (H) Quantiﬁcation of the effects of Robo1 inhibitor and controls on neurite guidance. Error bar in each graph represents
standard deviation. Abbreviations: L, lens; Tg, Trigeminal ganglion explant. Scale bar: 0.5 mm.
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culture condition are summarized in Fig. 4H. These data reveal that
the embryonic lens produces repellant Slit molecules, and that block-
ing Robo–Slit interactions with inhibitory protein can overcome the
repulsive effects of embryonic lens vesicles on trigeminal nerves.
Perturbing Robo–Slit signaling in vivo alters nerve behavior during cornea
innervation
To determine if Robo1–Fc inhibitory protein could inﬂuence nerve
behavior in vivo, Robo1–Fc or control IgG–Fc-coated beads were
transplanted into the developing eye of E4–5 chick embryos. At E4,
beads were implanted at a ventrotemporal position in the eye, next
to the lens/cornea and under the limbal epithelium, directly in the
path of approaching trigeminal nerve growth cones projecting from
the OpV (Fig. 5A, B). To deliver Robo1–Fc inhibitory protein at E5, a
time wherein the nerve ring is forming and nerve trunks have ad-
vanced both dorsally and ventrally around the cornea's periphery,
beads were implanted to the anterior chamber between the lens
and cornea (Fig. 5C, D). This site represents a central location in the
eyeﬁeld most likely to inﬂuence growth cones in both nerve trunks.
The exact locations of the beads following implantation, at the limbal
mesenchyme near the lens and corneal periphery at E4, or to the an-
terior chamber at E5, were conﬁrmed in transverse cryostat sections
of the anterior eye following implantation (Fig. 5A′, B′, C′, D′).To track protein diffusion from beads and protein stability in the
developing eyeﬁeld, some beads were loaded with a ﬂuorescent mol-
ecule of similar molecular weight and charge to the Robo1–Fc protein
and ﬂuorescence was monitored in ovo in live embryos over a 24 h
time-period. Protein diffusion from the beads occurred within
20 min post-implantation, generating a diffusion gradient of ﬂuores-
cence emanating from the bead and detected near the lens, cornea
and limbal tissues for 24 h (Supplementary Fig. 1). Fluorescence
could be detected in these regions of the eye regardless of the embry-
onic age at which the implantation occurred, indicating that protein
solutions delivered by the bead as a diffusion gradient should remain
stable in the anterior eye for at least 1 day.
When embryos were ﬁxed at E5 and nerve growth examined,
1 day following E4 bead implantation, nerves in embryos receiving
one or two beads with the control IgG–Fc protein avoid the cornea
(Fig. 5E), advancing around its periphery similar to unbeaded con-
trols. In contrast, a different pattern of nerve growth was seen in E5
embryos that received one or two beads loaded with Robo1–Fc at
E4. Nerve bundles in these embryos advanced prematurely into the
cornea instead of projecting around its periphery (Fig. 5H, arrows).
When embryos were allowed to develop to E5.5 prior to being exam-
ined following E4 bead implantation, nerves in control embryos grew
in tight bundles, advancing in a highly organized fashion around the
cornea (Fig. 5F). However, nerves in E5.5 embryos implanted with
Robo1–Fc beads grew in a disorganized fashion, with many nerves
Fig. 5. Robo1–Fc coated beads implanted in the developing eyeﬁeld leads to a disrupted nerve ring and premature cornea innervation. (A–D) Schematics (A, C) and images of eyes
receiving beads (B, D) represent bead implantation strategy at E4 (A, B) and E5 (C, D). (A, A′) At E4, protein coated beads (blue circle) were inserted under the limbal epithelia on
the ventrotemporal side of the eye, directly in the path of nerves advancing from the OpV. Schematic of en face (A) or transverse section (A′, dotted white line in A delineates lo-
cation of section) views show the bead lying adjacent to the lens/cornea as nerve growth cones (black arrows) approach. (B, B′) En face (B) view showing bead (white arrow) in eye
of live E4 chick embryo and transverse section (B′, dotted white line in B delineates location of section) view showing bead (white arrow) in ﬁxed eye following bead implantation
at E4. (C, C′) At E5, protein coated beads (blue circle) were inserted into anterior chamber, in between the nerve trunks (black arrows) migrating dorsal and ventral to the cornea.
Schematic of en face (C) or transverse section (C′, dotted white line in C delineates location of section) views show the bead lying in anterior chamber in between lens and cornea.
(D, D′) En face (D) view showing bead (white arrow) in eye of live E5 chick embryo and transverse section (D′, dotted white line in D delineates location of section) view showing
bead (white arrow) in ﬁxed eye following bead implantation at E5. (E–G) In control eyes implanted with IgG–Fc coated beads, sensory trigeminal nerve growth cones have ad-
vanced to the anterior eye but are inhibited from entering cornea, instead forming a nerve ring. Open arrowheads in F and G highlight individual nerve ﬁbers bifurcating from
main nerve bundles of nerve ring which display repulsion by bending away, or actively growing away, from the cornea. An IgG–Fc coated bead (b) remained attached to ﬁxed tissue
in E, but in eyefronts shown in F and G the beads were removed when lens and other posterior tissues were freed from cornea prior to nerve staining. (H, I) In E5–E5.5 eyes
implanted with Robo1–Fc coated beads, sensory trigeminal nerve growth cones show aberrant and premature growth into the cornea (arrows). (J) In E6 eyes receiving Robo1–
Fc coated beads, nerve ﬁbers branching away from the main nerve bundles of the nerve ring fail to show inhibition by the cornea, displaying active growth toward the cornea pe-
riphery (white arrowheads) or beginning premature innervation (arrow). Robo1–Fc coated bead(s) remained in H and I. In E–J the E-age accompanying the image denotes the
timepoint when the eyefronts were ﬁxed and nerve growth examined, in each case being 1 to 1.5 days following implantation. (K) Percentages of embryos receiving Robo1–Fc
or control IgG–Fc beads at different embryonic ages which displayed premature cornea innervation (gray) or defects associated with a loss of inhibition of nerves bifurcating
from nerve ring (black). Embryos not represented by these percentages in each group were characterized as having normal nerve growth patterns during innervation. n values:
IgG–Fc coated bead implanted at E4, 9 embryos, or E5, 8 embryos. Robo1–Fc coated beads implanted at E4, 10 embryos, or E5, 8 embryos. Abbreviations: b, bead; cb, ciliary
body; E, embryonic day; OpV, ophthalmic branch. Asterisk denotes choroid ﬁssure. Scale bar: 1 mm.
121T. Schwend et al. / Developmental Biology 363 (2012) 115–127bifurcating randomly from the main nerve trunks and growing to-
wards the cornea, some advancing prematurely into the cornea
(Fig. 5I, arrows). Finally, upon examining E6 control embryos thatreceived IgG–Fc beads a day earlier at E5, we found that nerve trunks
continued to grow around the cornea in the nerve ring (Fig. 5G). In
these control embryos, individual nerve ﬁbers that bifurcated from
Fig. 6. Neurite repulsion by the embryonic cornea is dependent on Robo–Slit signaling
and neuron age. (A–B) Neurites from E7 trigeminal explants co-cultured with E6 cor-
neas in culture medium containing no recombinant proteins (A, B) sent out neurites
preferentially to the cornea, yet failed to migrate into, or over, the cornea tissue, in-
stead remaining in the pericorneal mesenchyme (B). Brightﬁeld image is shown in
(A) revealing that cornea (Co) cells appear darker than surrounding mesenchyme
allowing detection of it post-staining. (C) In the presence of inhibitory Robo1–Fc re-
combinant protein solution, a higher percentage of E7 trigeminal neurites grow direct-
ly into, or over, the E6 cornea, than controls. (D–F) Co-culture of trigeminal explants of
varying ages, E7 or E10, with corneas and surrounding pericorneal mesenchyme of
varying ages, E6 or E9, in different combinations in culture medium containing no re-
combinant proteins, revealed that the potential of the cornea to repel trigeminal neur-
ites declines with both cornea and neuron age. (G) Schematic showing the organotypic
co-culture set-up used in these analyses. (H) Percentages of trigeminal (Tg) explants
being repelled by corneas under different culture conditions. n values: E7 Tg, E6 cornea
media only, n=21; IgG–Fc treated, n=18; Robo1–Fc treated, n=21; E7 Tg, E9 cornea
media only, n=16; E10 Tg, E6 cornea media only, n=20; E10 Tg, E9 cornea media
only, n=11. Abbreviations: Co, cornea; E, embryonic day; Tg, Trigeminal explant.
The white, dotted circles in B–G demarcate the periphery of the cornea. Scale bar:
0.5 mm.
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nea in the majority of embryos examined (Fig. 5G, open arrowheads).
In contrast, nerves in E6 embryos which had been implanted with
Robo1–Fc beads at E5 displayed a different pattern. The majority of
these embryos displayed many, random bifurcations branching
away from the main nerve trunks and these individual nerve ﬁbers
advanced directly towards the cornea and into its periphery, not
appearing to be inhibited like those nerve ﬁbers in controls (Fig. 5J,
arrowheads). The pattern of nerves in these embryos differed from
those receiving Robo1–Fc coated beads at E4, in that nerve trunks
did not grow directly into the cornea, likely due to the fact that
beads were implanted at a timepoint (E5) after the pioneer nerves
had begun their advancement around the corneal periphery. Never-
theless, the normal pattern of innervation was disrupted in embryos
receiving Robo1–Fc beads, regardless of E-age when implantation oc-
curred. Overall, the frequency of aberrant nerve guidance phenotypes
described in these studies following implantation of Robo1–Fc or
IgG–Fc loaded beads is summarized in Fig. 5K. Combined, these data
further suggest a requirement for Robo–Slit signaling in repelling pi-
oneer nerves from entering the cornea. Moreover, data obtained
herein also suggest that Robo–Slit signaling may be required to main-
tain the nerve ring, keeping individual nerve ﬁbers from bifurcating
early, prior to the closing of the nerve ring at E9, at which time nerves
from all along the nerve ring radii begin to advance into the corneal
stroma.
The cornea repels trigeminal neurites in vitro, dependent on Robo–Slit
signaling and both cornea and neuron age
In addition to their expression in the lens, mRNAs for repellant
Slits were found in the corneal stroma and epithelium throughout
all stages of cornea innervation we examined. Thus, we next chose
to examine if trigeminal neurite outgrowth could be repelled or spa-
tially regulated by the embryonic cornea itself in organotypic collagen
co-cultures and what role, if any, Robo–Slit signaling played in the
process. To do this, the front half of the eyes were harvested from de-
veloping embryos and the cornea and pericorneal tissues were freed
from the lens, iris and retina, which were then cultured endothelium
side-up with one or two trigeminal explants oriented near the corneal
periphery (circular dotted line in Fig. 6B–G delineates cornea), resting
on the surface of the pericorneal tissue (culture set-up is schematized
in Fig. 6G). Following two days in culture, neurites could be visualized
extending from explants toward the E6 cornea; however, neurites
that approached the corneal periphery were repelled and either
stopped or made sharp turns to avoid extending over or through
the cornea tissue (Fig. 6A, B). Strikingly, many neurite growth cones
that were repelled at the corneal periphery continued to migrate
over or within the surrounding pericorneal tissue, invariably extend-
ing near the corneal periphery (Fig. 6B), reminiscent of pericorneal
nerve ring behavior observed in developing chick embryos (see
Fig. 1). Similar to lens and trigeminal explant organotypic co-culture
experiments, adding Robo1–Fc protein to the culture medium at
12 nM concentration considerably abrogated the repulsive effect of
the E6 cornea on E7 trigeminal neurites. Rather, a portion of the neur-
ites in these cultures that grew toward the cornea extended over or
through the cornea tissue, while the remaining neurite growth
cones migrated along the cornea margin as in controls (Fig. 6C). Im-
portantly, explants cultured in a similar fashion in the presence of
IgG–Fc failed to abolish the repulsive effects of the cornea on trigem-
inal neurites (data not shown). These data reveal that, like the lens,
the E6 cornea appears to release chemorepellants that strongly
repel E7 trigeminal neurites and that blocking Robo–Slit interactions
interferes with that repulsion.
These results demonstrate that the E6 cornea is a source of diffus-
ible repellant molecules that can inﬂuence trigeminal nerve behavior.
This leaves open the question of how trigeminal nerve growth conesare capable of migrating into the cornea stroma at later E9–10 stages
(see Fig. 1), timepoints when the cornea continues to contain mRNAs
for repellant Slit molecules. We reasoned that the stage-speciﬁc
change in nerve behavior is likely due to dynamic, temporal modula-
tions to the presence or identity of nerve guidance molecule(s) in the
cornea itself, to the receptors on the growth cones of nerves in the
pericorneal ring, or both. To explore these possibilities, corneas and
trigeminal explants were prepared for organotypic culture assays
from different aged chick embryos, with ages corresponding to stages
of corneal non-permissiveness (E6–E7) or permissiveness (E9–E10)
in response to approaching trigeminal growth cones.
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fect on E7 trigeminal neurites was diminished compared to when
they were cultured adjacent to younger corneas (Fig. 6B), i.e., a higher
percentage of E7 Tg explants sent out neurites that extended into, or
over, the E9 cornea tissue (Fig. 6D), than when confronted with an E6
cornea (Fig. 6B). Conversely, when older, E10, trigeminal neuronal
explants were placed next to young E6 corneas, the repulsive capacity
of the corneas was signiﬁcantly negated, as the majority of trigeminal
explants sent out neurites capable of extending into, or over, the E6
cornea (Fig. 6E). These data indicated that the age of both the cornea
and neurons was important in promoting the transition of the cornea
from growth cone non-permissive, prior to E9, to permissive at E9–
10. Consistent with this, when older, E10, trigeminal neuronal ex-
plants were co-cultured adjacent to older, E9, corneas in collagen,
neurite growth cones from the explants invariably extended into, or
over, the corneas (Fig. 6F). The growth cone behavior in collagen gel
assays under the various culture conditions described herein is sum-
marized in Fig. 6H.
Inhibitory Robo1–Fc recombinant protein has no effect on lens repulsion
of older trigeminal neurites
Different nerve repulsion behaviors between younger (E7) and
older (E10) trigeminal neurons in organotypic co-cultures with cor-
neas of a single age suggested that changes in nerve guidance recep-
tor expression normally occur during development. Thus, older
trigeminal growth cones are more often permitted to enter develop-
ing corneas, whereas younger trigeminal growth cones are prohib-
ited. Consistent with that change in trigeminal growth cone
behavior, Robo1 gene expression within the cell bodies of trigeminal
neurons in the OpV branch becomes reduced or absent by E10, com-
pared with its robust expression at earlier embryonic ages (Fig. 3),
suggesting that age-speciﬁc changes may occur in the expression of
Robo receptors at the trigeminal growth cones, thus altering their
ability to detect and respond to Slit molecules diffusing from the
cornea.
To examine this possibility, older E10 OpV trigeminal explants
were co-cultured next to E5 repellant lens vesicles. We provided evi-
dence earlier (Fig. 4) that neurite repulsion from E7 trigeminal ex-
plants by the lens was mediated by Robo–Slit interactions; thus, we
reasoned that the embryonic lens would provide a robust source of
repellant Slit molecules for challenging E10 trigeminal neuron out-
growth. Unlike the cornea, the lens strongly repelled neurites, regard-
less of the trigeminal E-age, when the tissues were co-cultured
adjacently in control solution (Fig. 7A). Once again, the repulsive ca-
pacity of the lens on E7 neurites could be abrogated by adding
12 nM Robo1–Fc protein; however, no signiﬁcant difference in neur-
ite repulsion by the lens could be observed in older E10 neurons,
even when the different aged neurons were cultured on opposite
sides of the same lens (Fig. 7B). Neurite repulsion by the lens onFig. 7. Abrogation of the repulsive nature of the lens on trigeminal neurites by Robo1–Fc rec
plants of different E-ages (E7 or E10) juxtaposed on either side of a single E5 lens vesicle. (A
recombinant proteins, yet (B) the addition of inhibitory Robo1–Fc protein neutralized lens
neurites. (C) Quantiﬁcation of the effects of Robo1–Fc inhibitor and controls on neurite guid
deviation. Abbreviations: E7, embryonic day 7 trigeminal ganglion explant; E10, embryonicolder, E10 neurons in the different culture conditions is summarized
in a bar graph in Fig. 7C.
The results of these lens and trigeminal explant co-culture exper-
iments and all others performed in this study are summarized in
Table 2. These data indicate that while both younger and older tri-
geminal neurons express some combination of nerve guidance recep-
tors which mediate neurite repulsion by the lens, repulsion by the
lens is inﬂuenced by Robo–Slit interactions only on younger neurons,
while older neurons are no longer sensitive to perturbations induced
by the Robo1–Fc inhibitory protein. Assuming that the levels and
forms of Slit molecules diffusing from the lens in these experiments
remained constant, older trigeminal neurons likely possess quantities
or identities of Robo receptor molecules different from younger tri-
geminal neurons.
Discussion
In this study we show that between E4 and E5, trigeminal nerves
extend from the OpV branch of the Tg toward the developing cornea.
Upon arriving at the cornea periphery, Robo expressing nerves are re-
pelled by Slit molecules diffusing from both the presumptive cornea
epithelium and underlying lens vesicle. Interactions between Robo
receptors on the nerve growth cones and Slit molecules in and adja-
cent to the cornea cause the nerve growth cones to remain in the
pericorneal limbus tissue for several days, at which time they form
a pericorneal nerve ring (Fig. 8A). At later stages of development,
around E9–10, Robo1 expression decreases in the OpV branch, likely
resulting in fewer Robo1 receptor molecules on the growth cones of
nerves at the cornea periphery. At this time, nerve growth cones be-
come insensitive to repulsive Slit molecules, which continue to be
present in the lens and cornea epithelium and stroma, and for the
ﬁrst time during embryonic development these growth cones are
able to transverse the cornea periphery and project extensively into
the stroma (Fig. 8B), subsequently innervating the epithelium at
later stages.
Spatiotemporal expression patterns of Robo1 and Slits during stages of
cornea innervation
The hypothesis described above provides the ﬁrst explanation of
how nerves within the pericorneal nerve ring may undergo a precise
temporal transition from cornea-prohibitory to cornea-permissive
during development. The ﬁnding that nerves become less sensitive
over time to repulsive molecules secreted by the lens and cornea,
namely repellant Slit ligands for Robo receptors, helps to explain
gene expression evidence reported herein and in preceding reports,
that the lens and cornea continue to express repellant nerve guidance
cues during embryonic stages where nerves are beginning to enter
the cornea and then later migrating extensively through the anterior
stroma and epithelium (Conrad et al., 2008, 2009; Kubilus andombinant protein is dependent on the age of trigeminal neurons. (A, B) Trigeminal ex-
) The E5 lens repelled neurites, regardless of neuron E-age, in culture medium with no
-mediated repulsion on younger E7 neurites (arrows), but did not inﬂuence older E10
ance of older, target-innervating E10 trigeminal neurons. Error bar indicates standard
day 10 trigeminal ganglion explant; L, lens. Scale bar: 0.5 mm.
Table 2
Effects of inhibitory Robo1–Fc recombinant protein on lens repulsion of different aged
trigeminal neurons.
Culture conditions Relative repulsion
(N=explants analyzed)
Tg age=E7
Relative repulsion
(N=explants analyzed)
Tg age=E10
Control (media only) 4.02±1.13 (47)* 4.00±1.29 (25)
Media+12 nM IgG–Fc 4.10±1.10 (25) –
Media+1 nM Robo1–Fc 3.67±1.54 (15) –
Media+6 nM Robo1–Fc 2.41±1.23 (34) –
Media+12 nM Robo1–Fc 1.97±1.09 (47)* 4.33±1.06 (30)
Representative images of relative repulsion for each culture condition are shown in
Figs. 4, 6 or both*.
Each co-culture experiment reported in this table was performed with E5 lens.
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development, innervation of the cornea occurs in a series of discrete
stages, each seemingly involving a high degree of spatiotemporal mo-
lecular regulation. Stages of cornea innervation involve, ﬁrst, a period
of nerve repulsion, characterized by pericorneal nerve ring formation
from E5 to E8, followed by a period of nerve ingrowth to the corneal
stroma, beginning at E9. The switch in nerve behavior from nerve re-
pulsion to ingrowth between these two stages likely reﬂects changes
in the expression patterns of regulatory factors in the cornea, the
nerve growth cones, or both, occurring over time. Previous reports
have indicated that the repellant nerve guidance molecule Slit2 is
expressed in the developing cornea and lens during timepoints corre-
sponding to both repulsion and ingrowth stages (Conrad et al., 2009;
Kubilus and Linsenmayer, 2010). Herein we extended these studies to
include other Slit family members involved in nerve repulsion and we
showed that both Slit1 and Slit3 are expressed in synonymous cornea
and lens tissues as Slit2 throughout all developmental stages ofFig. 8. Proposed model of the nature of Robo–Slit signaling regulation on cornea innervatio
some unidentiﬁed guidance factor(s) initially attract the trigeminal nerves from the OpV to
rons initially express Robo1/2 (+ Robo expression, indicated by red coloring in neuronal c
mRNA expression is indicated by blue shading in lens and cornea. (B) At later stages, E9–E
black shading in neuronal cell body, axon and growth cone) and show reduced sensitivity
change to the Robo–Slit interaction would lead to loss of a negative guidance signal betwe
unidentiﬁed positive guidance signals from the cornea to the trigeminal growth cones, to in
breviation: OpV, ophthalmic branch.cornea innervation examined. These mRNA expression data suggests
that temporal regulation of Slit molecules cannot explain the change
in nerve behavior during development, however further work will
be required to determine if Slit protein levels in the anterior eye are
altered during different stages of cornea innervation.
The response of nerves to available Slit signals requires its binding
to Robo receptors on the surface of growth cones, with interactions
occurring between the second leucine-rich repeat (LRR) of Slit and
the ﬁrst two Ig-like (Ig) domains of Robo (Howitt et al., 2004; Liu et
al., 2004). We report here that Robo1 is robustly expressed in trigem-
inal neurons during nerve ring formation, while another recent study
reported that Robo2 is expressed at concurrent stages, albeit at low
levels, and Robo2 expression is expressed consistently between
nerve ring formation stages and later timepoints when nerve growth
cones project into the cornea (Kubilus and Linsenmayer, 2010). Un-
like Slit expression in ocular tissues and Robo2 in trigeminal neurons
during different stages of cornea innervation, Robo1 expression in tri-
geminal neurons appears to be spatiotemporally regulated during
cornea innervation. At E5 and E8, when the pericorneal nerve ring is
forming, Robo1 is expressed throughout trigeminal neurons in both
the OpV and MmV branches; however, at E10, Robo1 expression in
the OpV branch became reduced, or in some cases, absent. Thus, tem-
poral downregulation of Robo1 in the Tg coincided with developmen-
tal behavioral changes to their nerve growth cones at the cornea,
which suggested a potential correlation between trigeminal neuron
Robo1 dynamic gene expression with modulations in nerve pathﬁnd-
ing. Consistent with this, temporal regulation of Robo–Slit signaling is
involved in nerve guidance in other vertebrate organs during devel-
opment, as removal of Robo receptors from the growth cones mem-
branes has been shown to contribute to the precise control of nerve
guidance during spinal cord/midline development (Keleman et al.,
2002, 2005).n. (A) Schematic represents early stages of cornea innervation, E5–E8. At early stages,
the limbus and cornea margin. Upon arriving at the cornea margin, the trigeminal neu-
ell body, axon and growth cone) and are repelled by Slit expressing ocular tissues. Slit
10, trigeminal neurons have downregulated Robo1 (− Robo1 expression, indicated by
to repellant Slit molecules in ocular tissues (blue shading). This proposed molecular
en the cornea and trigeminal growth cones. This molecular event may act in part with
struct the growth cones to enter the cornea for the ﬁrst time during development. Ab-
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Robo–Slit signaling
Multiple lines of evidence from this study suggest that Robo–Slit
signaling regulates the patterning of corneal nerves during cornea de-
velopment. First, the concurrent mRNA expression patterns of Slit li-
gands in ocular tissues and Robo1 receptors in trigeminal neurons
provided indirect evidence for their involvement in nerve guidance.
Next, by using an organotypic co-culture assay and employing a solu-
ble recombinant Robo1–Fc protein encoding the Ig-like domains that
confer binding to the LRR of Slit molecules to reduce the quantity of
lens-derived Slit molecules for binding to native Robo receptors on
nerve growth cones, we found that perturbing Robo–Slit interactions
in vitro inhibited the repulsive effects of the lens in a dose-dependent
fashion. Moreover, when trigeminal explants were cultured on peri-
corneal tissue, adjacent to repulsive embryonic corneas, the majority
of neurite growth cones avoided the cornea except in the presence of
the recombinant Robo1–Fc protein. Finally, when Robo–Slit interac-
tions were perturbed in the eyeﬁeld in vivo, pioneer nerves grew pre-
maturely into the cornea. Combined, these ﬁndings indicate that Robo
receptors on trigeminal nerve growth cones are involved in proper
nerve pathﬁnding during cornea development.
Robo 1–2 receptors bind identical regions of Slits 1–3 proteins and
this interaction occurs with similar afﬁnity (Brose et al., 1999), thus
the Robo1–Fc recombinant protein inhibitor employed in this study
is likely promiscuous in nature, binding to the LRR of any available
Slit to prevent their interaction with any endogenous Robo receptors.
Slit ligands and Robo receptors often function redundantly in the out-
growth and guidance of neurons (Plump et al., 2002), thus it remains
to be determined which Slit molecules produced by the embryonic
ocular tissues bind to which Robo receptors on trigeminal nerve
growth cones during nerve ring formation to induce repulsion.
Robo1 is a likely candidate receptor for mediating nerve repulsion
by ocular tissues, as its expression in neurons diminishes concurrent
with growth cones no longer being repelled by the cornea. On the
other hand, Robo2 expression is low in neurons during repulsion
stages (data not shown), and its expression does not change until
later stages, when it increases at E14 concurrent with nerve branch-
ing in the cornea epithelium (Kubilus and Linsenmayer, 2010). Slit2
represents a strong candidate molecule as it has been shown to
repel nerves growing from ventral spinal cord, olfactory bulb, retinal
ganglion and dentate gyrus explants and also induces growth cone
collapse in olfactory bulb and hippocampal neurons (Brose et al.,
1999; Li et al., 1999; Nguyen Ba-Charvet et al., 2001; Niclou et al.,
2000). Moreover, a recent report found that when chick OpV ex-
plants were cultured near embryonic corneas or lens vesicles in
the presence of function-blocking Slit2 antibodies, neurite length
increased compared to control levels (Kubilus and Linsenmayer,
2010), revealing that Slit2 may inﬂuence trigeminal neuron out-
growth, although outcomes to nerve guidance were not examined
in this study. Certainly, the identity and combination of Slit li-
gands binding to Robos can inﬂuence the outcome on nerve
growth and guidance (Ypsilanti et al., 2010). Currently, the molec-
ular regulators secreted by the lens and cornea which interact
with Robo to inﬂuence nerve behavior remain in question and
provide an important topic for future experimentation.
In the rat, Robo1 and Robo2, but not Robo3, are expressed in senso-
ry nuclei of the Tg during different stages of cornea development (Ma
and Tessier-Lavigne, 2007; Ozdinler and Erzurumlu, 2002), while Slits
1–3 are expressed in the lens at concurrent stages, with Slit3 showing
the highest expression levels in the epithelium of lens vesicles
(Niclou et al., 2000). These expression data indirectly suggest a re-
quirement for Robo–Slit signaling in trigeminal nerve guidance in
other model organisms. Consistent with this suggestion, nerves with-
in Slit1:Slit2 knock-out mice show multiple deﬁcits related to trigem-
inal nerve guidance (Ma and Tessier-Lavigne, 2007), although corneainnervation per se was not directly assessed in that study. The recent
work of McKenna and Lwigale showing how the mouse cornea be-
comes innervated during normal embryonic development will help
to provide further insight into the mechanisms of cornea innervation
(McKenna and Lwigale, 2011), as many mouse mutants currently
exist and have been described with Robo–Slit function deﬁcit, as
well as other knock-outs of nerve guidance receptors and ligands.
Temporal changes within the cornea and trigeminal neurons, but not
within the lens, inﬂuence cornea innervation
The eye contains a variety of tissues that each may inﬂuence nerve
growth behavior. In this study we focused on two of those tissues, the
lens and the cornea. Inhibitory factors secreted by the lens are likely
required at early embryonic stages to promote pericorneal nerve
ring formation. Lensectomy prior to the arrival of trigeminal nerve
growth cones to the presumptive cornea results in premature inner-
vation of the cornea by E5 (Lwigale and Bronner-Fraser, 2007). More-
over, negative guidance factors are secreted by the lens as early as E3,
since trigeminal explants co-cultured with lens of this age are highly
repelled by the lens vesicle (Lwigale and Bronner-Fraser, 2007). At
E3–E5, the lens epithelium directly underlies the presumptive cornea
(Hay, 1980) likely allowing lens-secreted factors to diffuse into the
cornea at these early stages since the cornea has not yet formed
tight junctions between corneal endothelial cells (Hay and Revel,
1969). The repulsive capacity of the lens persists to late developmen-
tal stages (Lwigale and Bronner-Fraser, 2007), at timepoints beyond
when nerves have entered the cornea (E9–E15), potentially due to
continued developmental expression of inhibitory Slits (this study)
and Sema3a (Kubilus and Linsenmayer, 2010) nerve guidance mole-
cules. Therefore, changes in the repertoire of secreted factors released
by the lens that may diffuse anteriorly to the cornea likely do not ac-
count for the developmental change from nerve repulsion to cornea
in-growth.
Our in vitro studies suggest that by E5–6, the cornea alone, inde-
pendent of the lens, can inﬂuence the behavior of trigeminal neurites
to grow to its periphery then extend around its periphery, rather than
crossing over its surface, reminiscent of pericorneal nerve ring forma-
tion in the developing eyeﬁeld. Like the lens, the repulsive molecules
in the cornea are sufﬁcient to repel neuronal growth cones in culture
for up to two days. This reveals that, in addition to the lens, the cornea
is a source of inhibitory factors which keep trigeminal nerves from
prematurely entering its stroma. In support of this hypothesis, the
cornea produces and secretes inhibitory Slits (this study) and
Sema3a (Kubilus and Linsenmayer, 2010; Lwigale and Bronner-
Fraser, 2007) as nerves ﬁrst approach the cornea and form the peri-
corneal nerve ring. Moreover, the repulsive nature of the cornea is
likely enhanced by lens-derived inhibitory molecules that may diffuse
into the cornea during early embryonic development, due to the close
proximity of the tissues.
Unlike the lens, the cornea undergoes a change from nerve-
repulsive to nerve-permissiveness as a consequence of age. By harvest-
ing corneas at different stages of development (E5–E9) and culturing
them next to similar aged trigeminal neuron explants to examine the
consequence on neurite guidance, we found that neurites were much
less repelled by corneas at later stages of development. This begs the
question: what changes occur in the cornea or the eye over time to
make the cornea more amenable for nerve ingrowth? One explanation
may be developmental expression of positive or negative guidance cue
molecules in the cornea. Quantitative comparison of Sema3a levels in
the cornea stroma during cornea innervation stages showed that both
mRNA and protein levels become signiﬁcantly reduced during nerve
in-growth stages compared to earlier timepoints when the pericorneal
nerve ring is forming (Kubilus and Linsenmayer, 2010). On the other
hand, positive guidance cues Netrin 1 and 4 and their positive guidance
receptor Neo1 are present in high levels in the developing cornea as
126 T. Schwend et al. / Developmental Biology 363 (2012) 115–127nerves ﬁrst invade the stroma (Conrad et al., 2009), as well as at later
stages. The presence of both negative and positive cues in the cor-
nea likely reﬂects a balance between nerve guidance signals, de-
pendent on concentration. Thus, the switch in nerve behavior at
E9 may represent a diminution of negative signals or receptors
in the cornea or trigeminal nerves, an increase in positive signals or
receptors, or simply a change in the balance between the two signals
and receptor expression proﬁles.
In addition, the switch from nerve repulsion to cornea nerve in-
growth may also be a result of physiological changes occurring in
the developing eyeﬁeld. Concurrent with the arrival of nerves is the
formation of the ﬂuid-ﬁlled anterior chamber (Bard and Abbott,
1979) and the consequent appearance of intraocular pressure
(Coulombre, 1957; Coulombre and Coulombre, 1957) which leads to
a spatial separation between the cornea and lens, potentially making
it more difﬁcult for molecules to diffuse from the lens anteriorly to
the cornea. Additionally, the formation of tight junctions between
corneal endothelial cells (Hay and Revel, 1969) at approximately
the same developmental timepoints may further impede secreted
molecules from diffusing from the lens/aqueous humor into the cor-
nea stroma (Hay, 1980; Tuft and Coster, 1990). Combined action of
these developmental events could effectively lead to a barrier for
diffusible molecules to pass from the lens into the corneal stroma.
However, this would not preclude the possibility that by E6, or
older, the cornea contains residual inhibitory molecules secreted
by the lens during timepoints prior to the formation of physical
barriers between the two tissues. In this case, lens-derived protein
content in the cornea would eventually degrade or diffuse away
over a matter of days, diminishing over time with fewer inhibitory
proteins present in corneas as they age, consistent with the ﬁnd-
ings in this study.
Similar to nerve growth being inﬂuenced by changes in guidance
cues in the target tissue, the levels of receptors within a nerve growth
cone are highly regulated in time and space and these changes have
been suggested to modify the response of a nerve to signaling mole-
cules (Dickson, 2002; Tessier-Lavigne and Goodman, 1996). In the
present study we have obtained evidence revealing that molecular
changes occur in trigeminal nerves as a consequence of time (age),
since increasing the age of trigeminal neurons in organotypic culture
negatively impacted repulsion by an adjacent cornea whose age was
unchanged. Transcriptional regulation of Robo1 receptor expression
may help to explain the different responses to the cornea, since
Robo1 expression diminished in a sub-population (OpV) of trigeminal
neuronal cell bodies as development progressed. Likewise, transcrip-
tional regulation of Robo receptor expression at the Drosophila mid-
line modulates central and peripheral nerve guidance decisions (Liu
et al., 2009; Stennard and Harvey, 2005). Changes in the levels of re-
ceptor molecules on a pathﬁnding growth cone allow precise guid-
ance decisions to be made in a target ﬁeld whose expression of
nerve guidance cues is more stable. In this regard, we show that Slit
expression remained constant in the eyeﬁeld during stages of cornea
innervation. Therefore we hypothesize that molecular changes at the
level of the nerve growth cone play a critical role in the transition
from nerve repulsion to permissive during cornea innervation
(Fig. 8). This reveals that much information concerning cornea inner-
vation can be gleaned from studying the expression and identities of
receptor molecules on trigeminal neurons during cornea develop-
ment. Such molecular changes remain to be characterized, and will
represent a major focus of future research.
While many medical advances have been made in healing corneal
trauma and in corrective surgeries, little is known concerning the
mechanisms of corneal innervation or how to activate regeneration
of the cut ends of corneal nerves once they become damaged. Results
from this study suggest that the Robo–Slit family of nerve guidance
molecules functions during cornea innervation and should be consid-
ered when determining mechanisms to temporarily stimulate nervegrowth in post-transplantation cornea stroma and post-LASIK nerve
regeneration.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2011.12.039.
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